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model domain. To reduce the reflection of internal gravity waves, a Newtonian damping layer is 1 applied above 6500 m. The model is initialized with a profile characterized by an approximately 6 2 km deep dry adiabatic and neutral boundary layer with a stable layer above (Fig. 1 ). This profile is 3 based on an idealized version of those found in the Sahara (Cuesta et al., 2009 ; Garcia-Carreras et 4 al., 2015). The profile is considerably cooler than that found in the Sahara, but that will not affect 5 our results, as it is the temperature difference not the absolute temperature that is key to density 6 current propagation (Simpson, 1997) . 7 The idealized cooling used to generate the cold pool outflow is identical to that used by Orf et al. 8 (1996) . The aim is to generate a density current that was within the range of haboobs seen in 9 observations, without attempting to represent any particular haboob event. The cooling used is, 10 ⎩ ⎨ ⎧ = where τ=0.5 h. A maximum cooling rate of 0.15 Ks -1 is used in this paper, which is comparable 17 with the cooling rates found by Orville et al. (1989) , which approach 0.1 Ks -1 e.g. for evaporation of 18 rain in strong microburst cases. In all runs the cooling center is located at y f =0 km and z f =2 km. Anelliptical cold bubble with horizontal and vertical half-widths of 25 km (M y ) and 1.0 km (M z ) 1 respectively, is used. The constant cooling lasts 1.0 h with a smooth ramp-up and ramp-down 2 during 30min. Fig 1 shows the cold bubble created using the above method after 1.5 h of the model 3 run. The difference of temperature between the cold bubble (averaged temperature) and the 4 environment is about 9 K. As discussed in Section 3.1, this generates a density current similar to 5 those seen in observations. The three-dimensional simulation (S3D) uses a 450 x 9 km domain. The 6 same cooling rate used in the two-dimensional runs is applied over a 50 km long (in the y-direction) 7 strip extending the full 9 km (in the x-direction) width of the domain, to give a setup analogous to 8 the downdraft from linear convective systems, which dominate the precipitation in the Sahel and 9 generate large cold pools there (Provod et al., 2016) . 10
Based on a widely used parameterization of dust uplift by Marticorena and Bergametti (1995) , the 11 vertical dust flux in the LEM is expressed as: 12 
where ν is the bare-soil fraction (bare soil everywhere is assumed in this study). A typical 10 m 17 wind speed threshold for dust emission of 7 ms where u * T10 is the 10 m wind speed threshold for dust emission of 7 ms -1 , z 0 the roughness length of 1 the surface, which is 0.001 m in this study, and κ is the von Karman constant. The result is a u* 2 threshold of 0.288 ms -1 for modeled dust uplift utilized in this paper. In order to only allow dust 3 generation from the modeled density current, which is a good idealization of a cold-pool outflow, 4 rather than from the initial impact of the cold bubble on the surface, which may be less realistic, 5 modeled dust uplift is only allowed for y > 60 km. It should be pointed out that dust in this 6 simulation does not explicitly represent dust particles with a defined size, sedimentation and a 7 parameterization of deposition. Rather, to investigate dust generating winds in haboobs, dust is 8 treated as a passive tracer with a surface emission flux for winds greater than the threshold. Unlike 9 real dust, the idealized dust in the model does not fall. We note that such sedimentation would be 10 small for the 5.7 hour simulations we consider, except for the very largest dust particles with 11 diameters larger than 100 µm, which are usually expected to exist only in a saltation layer 12 extending a few centimeters from the surface (although these have recently observed to be lofted here, where vertical winds are much greater than fall speeds, settling effects would be small. 19 Sensitivity tests with varying horizontal grid-spacing are carried out to investigate the role of 20 different scales of motion on the dust uplift (Table 1) . In order to investigate the effects of 21 turbulence due to surface heating, as is expected in a desert during the day (Marsham et al., 2013) , 22 sensitivities to surface fluxes are studied. Heat fluxes varying from 50 to 300 Wm -2 are applied after 23 the density-current formation 2.0 h into the simulations (runs F1 to F4).
Model results 1

Standard case 2
The modeled density current is essentially symmetric about y=0 km (center of the domain in y 3 direction) and so Fig. 2 shows the right-hand part of the model domain for the region where uplift is 4 allowed to occur (y > 60 km). The initial cold bubble descends to the surface and spreads as a 5 density current. Potential temperature (black lines) clearly shows the "head" of the cold pool, which 6 is approximately 20 km across, with waves (perhaps Kelvin Helmholtz billows) behind the "head" 7 in Fig. 2a , which then grow to a larger amplitude in Fig. 2b . There is ascent of air at the leading 8 edge of the cold pool with descent 10 to 20 km behind. 9
Dust amounts in the "head" are more than double those in the "tail" ( over the density current (Fig. 2d ). This plume of low dust amounts is initially lifted by the ascent 17 forced above the main cold pool head to around 2.5 km (Fig 2c) , before descending to around 1 km 18 (Fig 2d) . This dust is in relatively cold air, suggesting it is mixed out of the main cold dusty density 19 current. Lidar-derived reflective measurements in Flamant et al. (2007) (Fig. 9b) showed that the 20 elevated lidar-derived reflectivity values were found behind the dust front leading edge above the 21 main haboob (at latitudes of 16 to 16.3°N and heights of between 2 km and 4 km). It was 22 hypothesized that it was possible for dust to be injected from the main haboob into this neutrally 23 stratified layer above, again showing consistency between our idealized simulation and 24 observations. Rapid transport to high altitudes over the main density current is likely to beparticularly important for the largest particles that will fall out fastest from low levels, but can 1 persist for much longer if quickly transported to higher in the boundary layer. Therefore the rapidtransport of low concentrations of dust to significantly above the depth of the main dust layer may 3 contribute to recent observations of giant particles persisting 12 hours after a haboob event (Ryder 4 et al., 2013). 5 observations. Fig. 3a also shows that it is colder in the "tail" than in the "head" of cold pools due to 19 relative strong mixing with the ambient warm air occurring in the "head", again consistent with 20 observations (Marsham et al., 2013) . 21 Fig. 4a and 4b show Hovmöllers of the dust uplift potential and total dust integrated over the 22 vertical column from the standard run, respectively. Fig. 4a shows that winds above our threshold 23 for dust emission are largely found within 20 km of the leading edge of the cold pool, i.e. in the"head" of the density current, and therefore high values of DUP are restricted to this region, and last 1 around one hour at any fixed point. DUP values in the "tail" are about 6 times lower than those in 2 the "head" (comparable with observations from the Sahara shown in Fig. 14b of Marsham et. al., 3 2013). Figure 4b shows that total column dust loads in the "head" are around triple those in the 4 "tail". It is likely that the difference in dust loadings between the "head" and the "tail" would be 5 even larger if sedimentation were taken into account. 6 3.2 Effects of model resolution 7 becomes colder as the grid-spacing increases. For the different resolution runs in Table 1, Table 2  19 compares the mean propagation speed of the cold pools, the mean temperature contrasts across their 20 leading edges, and their maximum and mean DUPs. Table 2 shows that mean temperature 21 differences across the cold pool leading edge increases with grid-spacing, with values of about 7.6 22 K, 12.8 K, 16.7 K and 23.8 K with grid-spacings of 100 m, 300 m, 500 m and 1.0 km, respectively. 23 This is presumably because cold pools warm more in higher resolution runs due to better resolvedturbulent mixing with the surroundings. This leads to a decrease of the propagation speed of cold 1 pools in the higher resolution runs. The cold pool moves at a speed of 15.3 ms -1 with a grid-spacing 2 of 100 m, increasing to 16.0 ms -1 , 16.7 ms -1 , 23.6 ms -1 when the grid-spacing increases to 300 m, 3 500 m and 1.0 km, respectively (Table 2) , consistent with the colder and denser density currents at 4 the coarser grid spacing. 5 Fig. 6 is the Hovmöller diagram of the total dust uplift potential from different horizontal grid-6 spacing runs. It shows that the resolved small eddies from the high resolution runs (Fig. 6a) locally  7 increase the DUP behind the cold pool "head", due to turbulence locally increasing the strength of 8 surface wind speeds. However, high DUP values are more widespread in the coarse resolution runs 9 ( Fig. 6c and Fig. 6d ). Table 2 shows that the maximum DUPs are relative large in the high 10 resolution runs, but with larger mean DUPs in the coarse resolution runs. Total accumulated DUPs 11 (Fig.7) show lower resolution runs give around twice as much DUP (run R8) as higher resolution 12 runs (run R1). This shows that the locally increased DUP from better resolved turbulence in high 13 resolution runs is not compensating for greater DUP from the stronger cold pools in lower 14 resolution runs. It should be noted that although the cold pool temperature deficit is monotonic with 15 resolution, and propagation speed is almost monotonic (Table 2 ), values of DUP are less so (Table  16 2 and Figure 7) . It is not clear what causes this: one hypothesis is that once the horizontal grid-17 spacing becomes comparable with the depth of the density current head this inhibits the turbulence 18 that causes high winds leading to the temporary decrease in accumulated DUP seen at grid spacings 19 of 600 m and 750 m in Figure 7 . 20
The differences in the PDFs of surface wind speed, surface potential temperature and total DUP 21 between the 2D and 3D versions of the standard case (S and S3D) are small (not shown), although 22 there is more small-scale turbulence created in the 3D run. Table 2 shows that difference between 23
This suggests the inferences we make from the 2D runs are applicable to 3D systems. Fig. 8 shows Hovmöller diagrams of potential temperature differences for four runs with 6 different surface heat fluxes and the standard run, which has no surface heat flux. As expected the 7 surface heating warms the cold pool (also in Table 2 , temperature differences decrease from 15.0 K 8 to 14.4 K with surface heat flux increasing from 50 Wm -2 to 300 Wm -2 ), both directly, and also 9 through increased mixing of environmental air into the cold pool. This leads to the cold pool "head" 10 temperature increasing by about 2 K (Fig. 8a ) to 15 K (Fig. 8d ) compared with the standard run, 11
with temperatures in the "tail" increasing by about 5 K to 20 K. Fig.9 shows that surface wind 12 speeds behind the cold pool's "head" increase with surface heat fluxes increasing. The maximum 13 surface wind differences (from 2 h to 5 h) are 2.3 ms -1 , 3.0 ms -1 , 3.9 ms -1 and 4.6 ms -1 with surface 14 heat fluxes of 50 Wm -2 (Fig. 9a) , 100 Wm -2 (Fig. 9b) , 200 Wm -2 (Fig. 9c ) and 300 Wm -2 (Fig. 9d),  15 respectively. The heat fluxes increase the downward transport of momentum, thus increasing near-16 surface winds. The decrease in surface wind speeds at the leading edge of the cold-pool "head" 17 from increasing the surface heating, as shown in Figure 1 , results from the cold pools moving more 18 slowly due to the stronger turbulent mixing. 19 In order to examine the effects of turbulence in the density current on dust uplift, Fig. 10 would eventually lead to a less long-lived haboob, and perhaps less total dust uplift, but 23 computational constraints prevented domains that were sufficiently large to investigate this.
Decreasing the model horizontal grid-spacing from 1.0 km to 100 m resolves more small-scaled 1 turbulence and enhances mixing, increasing the temperature of the cold pool and reducing the cold-2 pool propagation speed. A 3D simulation of a 9 km strip (in the x direction) presents very similar 3 results to the equivalent 2D simulation. For runs using horizontal grid spacings from 100 m to 1.0 4 km, the difference in total accumulated dust uplift reaches a factor of two. While this difference 5
shows that better resolving turbulence has a strong impact on simulated dust uplift, there are other 6 large sources of uncertainty, even when using kilometer-scale numerical weather prediction (NWP) 7 models. Considering these other uncertainties, such as the models' ability to represent the parent 8 moist convection and associated diabatic cooling, as well as the land-surface characteristics and 9 dust uplift process itself, suggests that the resolution of the cold pools is not a fundamental limit of 10 such studies, but future research should ideally address the role of the representation of turbulence 11 and mixing in cold pools in convection-permitting models. 12
Imposing surface heat fluxes representative of a desert during daytime increases downward mixing 13 of high winds towards the surface, increasing dust uplift rates by a factor of up to 1.8. Such heating 14 and increased mixing warms the density current. Differences of sensible heat flux, however, can 15 have a large impact on the long term evolution of cold pools. This may eventually lead to less total 16 uplift with higher surface heating due to reductions in the haboob's lifetime, but due to 17 computational constraints this could not be investigated. 18 The results presented here show for the first time the effects of resolving small-scale turbulence by 19 large-eddy simulation on dust uplift and transport within cold pools. The results suggest that it is 20 reasonable to continue to use convection-permitting models to develop haboob parameterizations, 21 but resolution of eddies is key for modeling the peak winds within any haboob. This is an idealized 22 simulation of one 'typical' cold pool. More work is therefore needed to understand the implications 23 of these results for the broad range of cold pools that occur in reality. Given the extremely poor rep Condition  R1  R2  R3  S  R4  R5  R6  R7  R8  F1  F2  F3  F4 
